Aiming to simplify the machine detector interface of the Compact Linear Collider (CLIC), a new detector model has been designed allowing the last quadrupole QD0 of the final focus system (FFS) to be located outside of the experiment with a distance L Ã from the interaction point of 6 m. In this paper, the beam delivery system (BDS) has been reoptimized, offering a luminosity performance that exceeds the design requirements by 11% for the total luminosity and by 7% in the energy peak. A simulation campaign has been carried out and has proved the feasibility of recovering the luminosity under realistic transverse misalignments of the FFS optics, by means of different orbit and aberration correction techniques, making this long L Ã design a realistic candidate for the future CLIC BDS.
I. INTRODUCTION
The Compact Linear Collider (CLIC) is an electronpositron linear collider aiming to carry out high-precision lepton physics in the multi-TeV energy range [1] . The nanometer-level beam spot size at the interaction point (IP), required to reach a total luminosity of 5.9 × 10 34 cm −2 s −1 , is achieved through the beam delivery system (BDS) [2] . The BDS transports the e þ and e − beams from the exit of the linacs to the IP by performing the critical functions required to meet the CLIC luminosity goal. The beam properties are measured in the diagnostic section at the exit of the linacs and corrected before entering the collimation system. There, the missteered beams coming from the main linac are corrected by the energy collimation system to protect the downstream beam line. The large-amplitude particles, or beam halo, are removed in the transverse collimation section to minimize background in the detector. The beam is then focalized through the final focus system (FFS) while correcting higher-order transport aberrations in order to deliver the design horizontal and vertical beam sizes. The FFS forms an almost parallel beam at the entrance of the two last quadrupoles (QF1 an QD0), referred to as the final doublet (FD), of several hundreds of nanometers which is then demagnified down to a few nanometers at the IP. The beam coming from the main linac is not fully monochromatic, and even a minor energy spread of a fraction of a percent will cause a large dilution of the beam size at the IP. The chromatic contributions are amplified by the focusing strength of the FD and by the length of the focal distance L Ã between QD0 and the IP. The chromaticity correction approach chosen for the CLIC FFS is based on the local chromaticity correction scheme [3] which uses interleaved pairs of sextupole magnets in the FD region in order to locally and simultaneously correct horizontal and vertical chromaticity.
The machine detector interface (MDI) design has to satisfy requirements from both the FFS and the detector sides. It must ensure the optimum luminosity for the experiment with minimal backgrounds while meeting constraints from the infrastructure. The FFS baseline for FIG. 1 . Vertical cut through the SiD experiment. QD0 is located inside the detector and partially supported by the preinsulator (green block) in the tunnel [4] .
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the conceptual design report (CDR) foresees a short final focal length L Ã of 3.5 m. This layout places the final quadrupole QD0 inside the experiment as illustrated in Fig. 1 and imposes the integration of a preinsulator system [4, 5] and an active insulation to mitigate vibrations of QD0 inside the detector to the 0.1 nm level. Such a system still needs to be demonstrated in a detectorlike environment. Additionally, due to the presence of a strong magnetic field, higher radiation, and lack of space and access inside the detector, some critical components require longer interventions, leading to a loss of integrated luminosity. The QD0 being installed inside the detector takes away a significant fraction of the acceptance in the forward region. This is partially due to the need of shielding QD0 with an antisolenoid [6, 7] in order to reduce the interplay between the detector and the QD0 fields, which would otherwise cause important quadrupole field deterioration and luminosity loss [8] . A schematic overview of the baseline interaction region design together with the simulated solenoid fields expected with the antisolenoid are shown in Fig. 2 .
In order to alleviate engineering and stabilization issues of the CDR MDI design, it has been proposed in Refs. [9, 10] to move out QD0 from the detector to the tunnel by increasing L Ã . This alternative design features an L Ã of 8 m, giving 28% lower luminosity than the nominal design, due to the chromatic distortion which increases with the distance L Ã . Also, the sensitivity to transverse misalignments increased by a factor of 5 [11] . It was then decided to focus the design optimization studies on a FFS with L Ã ¼ 6 m which started in Refs. [12, 13] , delivering a luminosity close to the requirement but with more stringent tolerances against misalignment compared to the nominal design. The CLIC experiments have proposed a new detector model named CLICdet [14] , allowing one to move out QD0 from the experiment to the tunnel with a minimum L Ã of 6 m. The novel interaction region layout is illustrated in Fig. 3 . The reduced end cap and barrel yoke give a half length of the detector of 5918 mm which includes four ring coils used to remove the solenoid stray fields in the tunnel. The tunnel floor is much more stable than the detector, which will significantly ease the QD0 stabilization [9, 10] . The preinsulator system is no longer needed, and the access to the detector and QD0 is also simplified. The radial and longitudinal fields of the solenoid of the new detector have been computed along the first 12 m from the IP and are shown in Fig. 4 . The fields are zeroed at the QD0 entrance, and thus no antisolenoid shielding is needed. The IP feedback position and latency are not affected by the change in L Ã [15] . The new detector and FFS layout should reduce the overall risk, improve the MDI feasibility, and increase the detector acceptance.
In this paper, the impact of the L Ã ¼ 6 m FFS option on the luminosity is discussed in Sec. II. Tuning studies have been carried out to mitigate the effect of static transverse displacements of the quadrupoles, sextupoles, and beam position monitors (BPMs) of the FFS. This procedure utilizes beam-based alignment techniques (BBAs) [16, 17] , to correct the beam orbit throughout the system, and sextupole tuning knobs, to combat the linear aberrations at the IP. The evaluation of the tuning efficiency is estimated over 100 randomly misaligned machines. Past tuning studies were conducted on the nominal FFS design with L Ã ¼ 3.5 m [2, 18] and showed that 90% of the machines should reach ≥90% of the design luminosity in 18 000 luminosity measurements. The tuning time needed for the L Ã ¼ 6 m FFS to meet the CDR goal has been significantly reduced, and the results are detailed in Sec. III.
The design of the FFS is carried out using the MADX code [19] . The long L Ã design is based on the FFS scheme called local chromaticity correction [3] starting from the nominal lattice [20] from which the final focal length L Ã has been increased from 3.5 to 6 m. In order to preserve the chromaticity compensation properties of the beam line, the drifts, dipole, and quadrupole magnets have been scaled in length according to the increase of L Ã . Therefore, the total length of the system has been increased by 71.5%. The quadrupoles have been retuned in order to match the design optics parameters at the IP (see Table I ). The optical functions of the L Ã ¼ 6 m lattice, compared with the nominal design, are shown in Fig. 5 . Longer L Ã leads to larger β functions along the FFS, and the lengthening of the system gives a higher dispersion level.
Six normal sextupoles are used for chromaticity and higher-order aberration corrections. The higher dispersion and β functions in the L Ã ¼ 6 m design make its sextupoles significantly weaker (see Table II ), reducing the contribution from nonlinear aberrations to σ Ã x and σ Ã y . However, at a high energy, bending magnets introduce non-negligible growth of the transverse emittance and energy spread due to synchrotron radiation. The angles of the bending magnets have been optimized for the L Ã ¼ 6 m FFS in order to balance between these competing effects. The sextupole magnet gradients are tuned to minimize, order by order, the nonlinear contributions to the IP beam size using the MAPCLASS [21] [22] [23] and PTC [24] codes.
This nonlinear optimization process has been repeated for several dispersion level options in the FFS. The bending magnet angles have been reduced in order to reduce the average dispersion level at the sextupole locations η x up to 40% with steps of 5%. The beam was tracked through the BDS to the IP using the PLACET code [25] , and the total luminosity (L total ) and the peak luminosity (L 1% ), coming from the collisions with an energy larger than 99% of the maximum energy, were computed using the GUINEAPIG code [26] . The results are shown in Fig. 6 . When lowering the dispersion while taking into account the effects of synchrotron radiation, σ decreases up to a dispersion reduction of 35%. The maximum total luminosity is reached for a lower dispersion than the maximum peak luminosity. This is explained by the increase of beamstrahlung photons emitted for a smaller horizontal beam size that deteriorates the luminosity spectrum in the peak while enhancing the total luminosity [27] . Finally, a dispersion reduction of 15% has been applied to the FFS, offering an increase of 11% and 3% in the total and peak luminosities, respectively. A scan of β Ã y has been performed in order to optimize the luminosity in the peak L 1% as shown in Fig. 7 . Unlike the nominal L Ã design [28] , L 1% reaches a maximum for β Ã y ¼ 0.10 mm. However, β Ã y ¼ 0.12 mm has been chosen as the design parameter for the tuning efficiency enhancement as described in Sec. III.
The final performance of the long L Ã is computed for the full BDS, and it is summarized in Table III and compared with the L Ã ¼ 3.5 m design. As for the long L Ã option, the nominal lattice optimized in this study does not include higher-order multipoles, such as octupoles or decapoles, and differs therefore slightly from the performances exposed in Ref. [20] . The vertical chromaticity generated through the entire FFS, given in Table III , was computed using the definition of the chromaticity derived from the transfer map between two locations in the beam line:
and given by [13] 
where ⃗ X jklmn is the map coefficient between the initial and the final coordinates represented by ⃗x f ¼ ðx f ; p xf ; y f ; p yf ; δ f Þ and β y0 is the initial vertical β function.
The total and peak luminosities of the optimized L Ã ¼ 6 m design are reduced by 7.7% and 7%, respectively, compared to the nominal L Ã design, without higher-order multipoles included in the beam line. However, when octupoles and decapoles are optimized in the L Ã ¼ 3.5 m beam line [20] , the difference in L total and L 1% between both L Ã options is 11.5% and 10.7%, respectively. The luminosity loss due to the possible energy mismatch 
Comparison of the vertical chromaticity, total and peak luminosities, and impact of synchrotron radiation at the IP. coming from the linac is shown in Fig. 8 . The energy bandwidth is similar for both optimized L Ã options. The FD parameter comparisons between both L Ã options are summarized in Table IV .
III. FFS TUNING
The FFS quadrupoles, sextupoles, and BPMs are randomly misaligned by σ rms ¼ 10 μm, according to the prealignment specification [2, 29] for the CLIC beam delivery system. A resolution of 10 nm is applied to the BPMs used for orbit correction. The assumed imperfections for the tuning simulations are summarized in Table V . The BBA starts with a one-to-one correction technique [30] that aims to flatten the orbit by steering the beam through the center of each BPM using transverse kickers. The effectiveness of the orbit correction is compromised by the misaligned beam position monitors, leading to a dispersive orbit. A technique called dispersion-free steering [31] removes the remaining dispersion deviations from the nominal dispersion profile. Linear aberrations at the IP created by the misaligned optics are corrected using precomputed combinations of sextupole displacements in the transverse plane [32, 33] . Each set of sextupole knobs is constructed to be orthogonal, so that the chosen aberrations are corrected independently.
The BBA and one iteration of linear knobs have been applied to the L Ã ¼ 6 m FFS for different β Ã y options. Here one iteration of the linear knobs includes two optimizations of each knob. Larger β Ã y allows lower β y along the FFS, making the system more robust to transverse errors. Figure 9 shows the luminosity distribution of the 100 machines tuned for different β Table I for L Ã ¼ 6 m.
Only linear knobs are then applied iteratively in order to maximize the luminosity of each machine. Figure 10 shows the evolution of the luminosity distribution after various iterations of knob scan. The increase of the average luminosity recovered is fast for the first iterations and starts to slowly converge for a higher number of knob scans. After the 12th iteration, which corresponds to ≈5000 luminosity measurements, 97%, 92%, and 87% of the machines reach ≥90%, 100%, and 110% of L 0 , respectively. These results demonstrate the tuning feasibility of the L Ã ¼ 6 m FFS design to be at the same level or better than the one of the L Ã ¼ 3.5 m in the CDR [2] .
IV. QUADRUPOLE STABILIZATION TOLERANCES
An important source of luminosity loss for CLIC is related to the change of the e þ and e − beam positions at the IP due to quadrupole position jitter. The vibration error tolerances are tighter in the vertical plane due to the smaller beam size. The tolerances in the FD are expected to be the tightest, as a vertical displacement of the FD causes a displacement of the beam at the IP of the same magnitude. The vertical vibration tolerances have been quantified for the last four FFS quadrupoles QF3, QD2, QF1, and QD0 of the L Ã ¼ 6 m lattice. The results are compared, in Table VI , with the nominal FFS design where the tolerances have been studied in Ref. [34] . The tolerances are defined as the offset required to induce a 2% peak luminosity loss and do not take into account the correction of the beam offset at the IP by the IP position feedback. A comparison of the vertical offset scan performed on QD0 for L Ã ¼ 6 m and L Ã ¼ 3.5 m is shown in Fig. 11 . As the vertical beam size σ Ã y is larger for the L Ã ¼ 6 m option, its tolerances to vibration errors in its final quadrupole magnets are therefore slightly larger.
V. FD MULTIPOLE FIELD TOLERANCES
The multipolar tolerances are defined as the error required to induce a 2% peak luminosity loss. The tolerances are evaluated for the FD, where they are the tightest, and compared between the nominal and the long L Ã designs. The tolerances to normal and skew sextupole, octupole, and decapole field errors, denoted B 3N , B 4N , B 5N , B 3S , B 4S , and B 5S , are calculated individually for QF1 and QD0 as shown in Figs. 12 and 13. The multipolar magnetic field errors are applied at a radius R ¼ 1 mm. The larger β x;y at the FD location for the L Ã ¼ 6 m design makes the lattice more sensitive to higher multipole field errors compared to the nominal design.
VI. COLLIMATION DEPTH
The BDS collimator apertures were optimized for the CLIC FFS at 3 TeV with L Ã ¼ 3.5 m with the aim of mitigating the wakefield effects on the luminosity performance while keeping a good efficiency in cleaning the undesired beam halo. The betatron collimation depths have to satisfy the condition that no beam particles or synchrotron radiation photons should hit either QF1, QD0, the vertex detector, or the extraction quadrupoles. For CLIC, the tight bore aperture of the final quadrupole QD0 determines the actual collimation depth. For the L Ã ¼ 3.5 m FFS design, QD0 imposes an aperture of 3.8 mm. The optimum transverse collimation depths were found for 15σ x and 55σ y [2] . The beam size at the entrance of the FD for L Ã ¼ 6 m is approximately 30% larger than the nominal design due to the increase of L Ã . The lower field gradient of QD0, imposed by the longer focal length L Ã and the longer magnet length l QD0 after the scaling of the FFS length with respect to the increase of L Ã , allows an aperture for QD0 of 8 mm (see Table IV ). In this study, the impact of the new L Ã ¼ 6 m design on the necessary collimator apertures is compared to the nominal settings. The beam is assumed to be perfectly collimated at the entrance of the FFS with a phase space ellipse thickness of 15σ x , 15σ x 0 , 55σ y , and 55σ y 0 . The beam is then tracked through the FFS with a flat energy spread distribution of width 1.4% and by taking into account synchrotron radiation along the beam line. The same simulation has been reproduced for the nominal design for comparison. The collimated beam distribution at the entrance of the FFS is shown in Fig. 14 [4] , and the simulations indicate that the radiation envelopes stay within AE5 mm for L Ã ¼ 3.5 m and AE10 mm for L Ã ¼ 6 m. Also, the apertures of the postcollision magnets, reported in the CDR [2] , are large enough to allow the passage of the simulated synchrotron radiation fan. The results suggest that no tightening of the collimation depth is required for the scaled in length L Ã ¼ 6 m FFS design.
VII. FFS LENGTH OPTIMIZATION
The long L Ã design presented in Sec. II is 320 m longer than the nominal FFS lattice with L Ã ¼ 3.5 m, requiring an extension of the CLIC tunnel. In the interest of cost reduction, shorter FFS lattices have been optimized. The design optimization procedure applied to these lattices, their performances, and the impact on tuning are discussed in this section.
A. Shorter FFS with L Ã = 6 m A shorter FFS has been designed by shortening drifts, bending magnets, and quadrupole magnets proportionally while keeping the last drift L Ã at a constant length. Therefore, the chromatic correction conditions through the FFS to the IP are no longer satisfied, leading to additional uncorrected second-order horizontal chromatic aberrations. After reducing the length of the FFS (L FFS ) with L Ã ¼ 6 m, the linear optics are rematched and the sextupoles optimized order by order using the MAPCLASS code. The second-order horizontal beam size growth due to the change in the lattice length is shown in Fig. 17 . The tracking of a monochromatic beam, δ p ¼ 0, shows that the impact of L FFS reduction on the second-order horizontal beam size σ Ã x;2nd order is fully chromatic. In order to rebalance the chromatic compensation and therefore minimize the horizontal second-order chromatic aberrations, the chromaticity generated by the FD has been optimized by scanning the distance L QF1-QD0 between QF1 and QD0 [35] . When the FFS is shortened with constant L Ã , the chromaticity is overcompensated downstream of the bends. The L QF1-QD0 has thus to be shortened in order to reduce the chromaticity generated by the FD. Figure 18 shows an example of L QF1-QD0 scan for σ Ã x;2nd order minimization applied to a lattice length reduced from 770 to 658.9 m. The scan is performed by rematching the linear optics and optimizing the sextupoles for every change in L QF1-QD0 . The optimal distance L QF1-QD0 is found by fitting a parabola to the obtained σ Ã x;2nd order . The scan has been repeated on five different lattices with L FFS reduced down to 496.7 m. The fits of the scans for all lattices are shown in Fig. 19 . The horizontal second-order chromatic aberrations are fully corrected after L QF1-QD0 optimization, and σ optimal distances L QF1-QD0 decreases linearly with L FFS reduction as shown in Fig. 20 .
The sextupoles of the shorter lattices have been retuned to cancel higher-order aberrations. The dispersion has been optimized by scanning the bend angles in the FFS in order to maximize L total and L 1% . The final performance of each lattice is presented in Table VII . Except for the shortest design simulated with L FFS ¼ 496.7 m, for which the peak luminosity is 1.5% below the design, all lattices reach or exceed the required luminosity (see Table I ). By shortening the bending magnets of the FFS, the observed impact of synchrotron radiation on the horizontal beam size σ Ã x is slightly reduced. However, as the quadrupole lengths are scaled, the synchrotron radiation inside the FD becomes important for shorter lattices. The shorter and stronger QD0 for shorter designs increases the vertical beam size contribution from the Oide effect [36, 37] . The vertical beam size contribution from the Oide effect σ y;Oide has been calculated using the MAPCLASS code and is shown in Table VII . Finally, the impact of synchrotron radiation on the peak luminosity increases when the length of the system is reduced. As QF1 and QD0 are stronger for shorter designs with constant L Ã , their maximum apertures are smaller, and therefore collimation depth may be a concern.
B. Shorter FFS impact on tuning
The tuning algorithm described in Sec. III has been applied on different FFS length designs with L Ã ¼ 6 m.
The tuning efficiency is expected to be reduced for shorter lattices because of the stronger sextupoles in the beam line. When the sextupoles are displaced horizontally and vertically, feed-downs to normal and skew quadrupole and dipole kicks are generated:
where Bρ is the magnetic rigidity, k 2 is the normalized sextupole strength, and k 1n , k 1s , k 0n , and k 0s are the normalized normal and skew quadrupole and dipole strengths, respectively. Assuming a π 2 þ nπ betatron phase advance between the sextupoles and the IP, the corresponding changes in the IP vertical spot size due to the feeddown to normal and skew quadrupole kicks are evaluated in [38] by
where β x;s and β y;s are the β functions at the sextupole locations, σ x;s is the horizontal beam size at the sextupole locations, l s is the sextupole length, and R s→Ã 34 is the matrix element from the sextupole to the IP. Lowering β y;s or k 2 makes the beam line more tolerant to the transverse misalignment of the sextupoles. When the length of the FFS is reduced, the dispersion profile is shrunk accordingly as shown in Fig. 21 , leading to higher sextupole gradients. Figure 22 shows the average dispersion reduction η x;s at the sextupole locations and the corresponding increase of the average sextupole strength k s for shorter lattices. When L FFS is reduced from 770 to 495.7 m, the average dispersion is reduced by 31%, and the average sextupole strength is increased by 160%. Figure 23 While the maximum luminosity achievable differs only slightly for shorter L FFS when the beam line is optimized, one should expect a longer tuning time to reach it.
C. Longer FFS with
Tuning efficiency dependence on L FFS , under transverse misalignment, has been observed also for longer systems with L Ã ¼ 3.5 m and is discussed in this section. As shown in Refs. [18, 20] , tuning the nominal FFS design for the local scheme requires a longer tuning time to recover the luminosity. A tuning-based design optimization has been performed on the nominal lattice. The tuning performance is thus promoted as a figure of merit, along with the luminosity of the error-free system, for the optimization of the FFS design. The strategy is to reduce the sextupole strength k 2 along the FFS in order to improve the tuning efficiency while preserving the maximum luminosity achievable. Increasing the bending magnet angles is strongly limited by the synchrotron radiation emitted at 3 TeV, and the available range of dispersion increase for which the luminosity stays within the design requirements is too small to significantly reduce k 2 . For the first energy stage of CLIC at 380 GeV, this technique has been applied for the optimization of the FFS design, as the bend angles can be largely increased without a significant luminosity reduction [39] . For the final energy at 3 TeV, the dispersion has been increased with the length of the FFS. The bending magnets are lengthened and weakened accordingly in order to minimize the additional energy spread generated by the synchrotron radiation. The same optimization process described for the shorter FFS designs with L Ã ¼ 6 m has been applied for the longer designs with L Ã ¼ 3.5 m: matching of the linear optics for the lengthened FFS with scaled drift, bend, and quadrupole lengths, L QF1-QD0 optimization for the second-order chromaticity compensation, and dispersion optimization. This procedure has been applied on five longer systems, from 450 to 770 m, and the optimal performances are shown in Table VIII .
For all designs, the total and peak luminosity achieved are above the design requirements with at least 19% and 15% of the luminosity budget, respectively. A similar dependence between the synchrotron radiation influence and FFS length is observed for the nominal and the long L 
VIII. CONCLUSIONS
An optimized BDS with a longer L Ã allowing a simplified version of the MDI has been addressed for the CLIC at 3 TeV. The differences in the total and in the 1% energy peak luminosities from the short L Ã design BDS compared with the alternative L Ã ¼ 6 m one are estimated to be 11.5% and 10.7%, respectively. It is worth mentioning that the luminosity difference between these two L Ã options does not include the impact of the solenoid and QD0 stabilization on the integrated luminosity, which are expected to be largely reduced for the L Ã ¼ 6 m option. The tuning campaign conducted on the long L Ã FFS has demonstrated its feasibility to the same level or better than the L Ã ¼ 3.5 m lattice in the CDR with 87% of the machines that reach at least 110% of the design luminosity requiring approximately 5000 luminosity measurements. In addition, shorter designs have been fully optimized, offering slightly lower performances that nonetheless fulfill the design requirements while reducing tunnel costs. However, one should expect a longer tuning time, due to the stronger sextupoles, and a possible tightening of the collimation gaps, due to the smaller apertures needed for the FD. The scaled FFS, with L Ã ¼ 6 m and a length of 770 m, remains the best option in terms of luminosity and tuning performance, which make it a realistic and robust candidate for the future CLIC BDS. The evaluation of the detector performance increase from a larger acceptance of the quadrupole-free detector option will be decisive for the choice of the CLIC FFS L Ã design.
